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RUNNING TITLE 17 
BOLD and neuronal dissociation induced by dopamine 18 
SUMMARY 19 
Neuromodulators determine how neural circuits process information during cognitive states 20 
such as wakefulness, attention, learning and memory [1]. fMRI can provide insight into their 21 
function and dynamics, but their exact effect on BOLD-responses remains unclear [2-4], 22 
limiting our ability to interpret the effects of changes in behavioral state using fMRI. Here, we 23 
investigated the effects of dopamine (DA) injections on neural- and haemodynamic signals in 24 
macaque V1 using fMRI (7T) and intracortical electrophysiology. Aside from dopamine’s  25 
involvement in diseases  such  as  Parkinson’s  and schizophrenia, it also plays a role in visual 26 
perception [5-8]. We mimicked DAergic neuromodulation by systemic injection of L-27 
DOPA+Carbidopa (LDC) or by local application of DA in V1 and found that systemic 28 
application of LDC increased the signal-to-noise ratio (SNR) and amplitude of the visually 29 
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evoked neural responses in V1. However, visually induced BOLD-responses decreased, 30 
while cerebral blood flow (CBF)-responses increased. This dissociation of BOLD and CBF 31 
suggests that dopamine increases energy metabolism by a disproportionate amount relative 32 
to the CBF-response, causing the reduced BOLD-response. Local application of DA in V1 33 
had no effect on neural activity, suggesting the dopaminergic effects are mediated by long-34 
range interactions. The combination of BOLD- and CBF-based fMRI can provide a signature 35 
of dopaminergic neuromodulation, indicating the application of multimodal methods can 36 
improve our ability to distinguish sensory processing from neuromodulatory effects.  37 
  38 
 
 
Zaldivar et. al. 2014: BOLD and neuronal dissociation induced by dopamine 
Page 3 of 14 
 
RESULTS 39 
We combined fMRI with neurophysiology and pharmacology in five anesthetized non-human 40 
primates (Macaca mulatta), where we acquired BOLD, functional CBF (fCBF) and 41 
electrophysiology data while the animals viewed a rotating checkerboard stimulus. Figure 1A 42 
shows the experimental paradigm. We pharmacologically mimicked DAergic 43 
neurotransmission by systemic application of L-DOPA and Carbidopa. Carbidopa inhibits the 44 
breakdown of L-DOPA in the periphery, thereby preventing systemic changes in cerebral 45 
blood volume (CBV) that may affect the fMRI results (Figure S1). The lack of systemic 46 
effects of the LDC injection is evidenced by the highly stable physiological parameters during 47 
and after injection (Table S1). 48 
Evoked BOLD and neural responses under systemic LDC 49 
Figure 1B shows representative fMRI responses in V1 to visual stimulation. Figure 1C shows 50 
the changes in the BOLD-response over the course of the LDC injection. BOLD-modulation 51 
in the pre-drug period was 2.5±1.1%, which is typical for anesthetized monkeys at 7T [9-11]. 52 
During the drug infusion we observed a significant reduction in the visually induced 53 
modulation (Figure 1C,D; MODdrug=50±5.3%; p=0.034), which was sustained after the 54 
infusion was stopped (MODpost=60±4.2%; p=0.05). No significant changes in the baseline 55 
were found (Figure 1D).  56 
We recorded local field potentials (LFP) and multiunit spiking activity (MUA) to evaluate the 57 
effects of LDC application on neural activity. The power in three different frequency ranges 58 
was calculated: γ (40-150 Hz) and MUA (900-3000 Hz), which are most strongly correlated 59 
with the BOLD signal [2, 3, 12], while θ (4-8 Hz) was used to indicate whether LDC affects 60 
the broadband-LFP power and to assess whether DA-injection induces changes in the level 61 
of anesthesia. Figure 2A-C shows the average time course across experiments for the θ-, γ- 62 
and MUA-bands respectively. LDC application resulted in an 18% increase in visual 63 
modulation in the γ-band (Figure 2D; MODγ,drug=118±4.2%; p=0.024) and a 19% increase in 64 
the MUA-band (MODMUA,drug=119±5%; p=0.031). The effect of LDC on the MUA-amplitude 65 
 
 
Zaldivar et. al. 2014: BOLD and neuronal dissociation induced by dopamine 
Page 4 of 14 
 
reached baseline values ~4.5 min after the infusion was stopped. In contrast, for the γ-band 66 
the increase in visually induced modulation was long-lasting and started to reduce ~12 min 67 
after the infusion was stopped. Additionally, we observed an increase in the SNR of the γ- 68 
and MUA-bands starting shortly after LDC injection (Figure 2E); the response to the stimulus 69 
increased while the variability decreased (Figure 2B,C). The SNR in the   γ-band 70 
(SNRγ,drug=13.7±2.0 dB; p=0.011) kept increasing after the infusion was stopped 71 
(SNRγ,post=14.7±2.0 dB; p=0.012). The MUA-band also showed an SNR-increase after the 72 
start of the injection (SNRMUA,drug=12.2±2.2 dB; p=0.012) which continued until the end of the 73 
trial (SNRMUA,post=11.0±2.0 dB; p=0.026). In the θ-band (Figure 2A) neither visually induced 74 
modulation nor SNR changed upon LDC infusion.  75 
Dopamine effects are not locally induced in V1 76 
We next investigated whether the increases in neural activity are locally induced in V1 or are 77 
due to a remote influence from other regions by injecting DA intracortically in V1 to 78 
determine whether this induces similar effects as systemic dopamine. Figure 3A-C shows 79 
the averaged traces of the θ-,   γ- and MUA-bands during intracortical application of DA (5 80 
mM) and shows no discernible changes. Visually induced modulation in the γ- and MUA-81 
bands (Figure 3D) was unchanged (p=0.23). The SNR of the γ- and MUA-bands also 82 
remained unchanged during the experimental session (Figure 3E, SNRγ,drug=9.0±1.5 dB; 83 
p=0.31; SNRγ,post=8.8±2.0 dB; p=0.13; SNRMUA,drug=10.1±0.5 dB; p=0.18; 84 
SNRMUA,post=10.8±2.0 dB; p=0.18). Since different concentrations of DA can exert multiple 85 
modes of action [13], we tested whether different concentrations of intracortical DA affected 86 
the responses in V1. However, no concentration dependent effects were observed (Figure 87 
S2). 88 
The effects of LDC on CBF suggest an increase in energy expenditure  89 
Stimulus-induced increases in γ-power and in MUA occurred simultaneously with a decrease 90 
in BOLD-modulation. To resolve this potential discrepancy we measured fCBF using arterial-91 
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spin-labeling (ASL). Figure 4A shows fCBF in early visual cortex and Figure 4B the averaged 92 
time course of the CBF across experiments. There was a reliable visually induced, CBF-93 
modulation of 19±7% during the pre-drug period, in agreement with earlier studies [11]. 94 
During the ‘drug’  period  we  observed  an increase in modulation by 34% (MODdrug=134±10%; 95 
p=0.045). The maximum CBF-increase of 43% was observed ~12 min after the infusion 96 
started and lasted ~20 min (MODpost=143±10%; p=0.034). We also observed significant 97 
increases in baseline CBF during and after the injection. An increase in the baseline was 98 
evident ~8 min after the start of the injection (CBFbaseline,drug=128±5.2%; p=0.022). The time 99 
course of the CBF-changes upon LDC injection were similar to the time courses of the 100 
changes in the neuronal responses, suggesting that increases in neural activity may cause 101 
the CBF-increases.  102 
DISCUSSION 103 
Using BOLD- and CBF-based fMRI combined with intracortical electrophysiology, we found 104 
that DAergic neuromodulation increased neural- and CBF-responses to a visual stimulus, 105 
while decreasing the BOLD-response. Neuromodulators can exert strong influences on 106 
neural responses and alter neurovascular coupling [1, 3]; our results show that changes in 107 
the BOLD-fMRI signal alone cannot be used to make inferences about increases or 108 
decreases in the underlying neural activity.  109 
Neurophysiological effects of dopamine injection 110 
Neurophysiological recordings under systemic LDC injection showed an increase in the 111 
amplitude and SNR of visually evoked responses. DA has been shown to improve the SNR 112 
in PFC and in sensory areas, including V1 [8, 14-16], thereby changing detection 113 
performance at the behavioural level [8, 16-18]. Increased neuronal activity in V1 has been 114 
shown to predict the timing of reward delivery, even when the cells were not driven by a 115 
visual stimulus [8, 18], highlighting the importance of DA for extracting behaviourally relevant 116 
information [17, 19].  117 
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However, local dopamine application did not change neural activity, in good agreement with 118 
the low density and sparse distribution of DARs in V1 [20] and suggesting that DA does not 119 
exert its effects on V1 itself. The increase in neural activity upon systemic DA may be 120 
mediated by long-range interactions from higher-order regions, for instance frontal regions 121 
[5, 15]. Large-scale interactions have been reported in other sensory modalities, including 122 
the visual-, somatosensory- and auditory systems, suggesting that DA prepares the higher-123 
order area for the processing of incoming sensory signals, and promotes the readout of task-124 
related information [14-16]. Manipulation of prefrontal D1-receptors increased the 125 
magnitude, reliability and selectivity of neuronal responses in V4 [5], and similar 126 
mechanisms may play a role in V1.  127 
The lack of DAergic effects upon local application is contrary to the inhibitory responses 128 
observed earlier [21, 22]. Although DA can exert different actions depending on 129 
concentration [13], none of the DA concentrations used in this study changed the amplitude 130 
or SNR of the visually evoked responses. Aside from species differences [20, 23], another 131 
possibility that could explain the differences is that the earlier experiments were performed 132 
with solutions in which the pH was not tightly controlled, whereas acidic pH depresses 133 
neuronal excitability [24].  134 
Functional imaging 135 
Our finding of a decrease in the evoked BOLD-response and an increase in the CBF-136 
response upon systemic LDC injection, extends previous observations in humans and 137 
macaques in which fMRI responses in V1 decreased with cues that predict and anticipate 138 
reward [6, 19]. A decrease in BOLD-responses in V1 while behavioral performance 139 
improved after an acute dose of L-DOPA was seen in studies of amblyopia [7, 25]. However, 140 
BOLD-increases have also been observed in humans in primary auditory and 141 
somatosensory cortex after DA-agonist administration [26, 27]. These differences in BOLD-142 
responses upon DAergic neuromodulation can be partly explained by the difference in 143 
densities of DARs and DA-innervation between cortical regions. DARs and DA-innervations 144 
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decrease along a rostro-caudal gradient having the highest density in PFC and the lowest 145 
(or almost nonexistent) in occipital cortex [20]. Thus, BOLD-responses to DAergic 146 
neuromodulation could differ in various sensory cortices, since local influences of DA on the 147 
vasculature may modulate the blood supply [28, 29]. 148 
The effects of DA on the hemodynamic signals have been extensively addressed using 149 
different pharmacological agents in rats and monkeys [29-33]. For instance, amphetamines 150 
decreased CBV-responses in occipital regions [33]. However, amphetamines are known to 151 
increase DA-levels as well as alter the kinetics of other neurochemicals that affect the 152 
regional CBV [34], while CBV-responses may differ from BOLD-responses [35]. Different 153 
DARs exert different effects on the hemodynamic signals [30]; stimulation of D1-receptors 154 
(D1Rs) increases CBV and BOLD [30, 32] whereas blocking these receptors decreases it 155 
[30, 36]. The activation and deactivation of D2-receptors (D2Rs) produces opposite effects 156 
[37]. The present study did not consider receptor specific-responses, but instead focused on 157 
understanding the balanced effects mediated by D1R and D2R interaction.  158 
Neurovascular coupling under dopamine 159 
Changes in the LFP are usually mirrored by changes in spiking and in the haemodynamic 160 
responses [12]. Our observation of a dissociation between the BOLD- and 161 
neurophysiological responses indicates that neurovascular coupling may differ under states 162 
of neuromodulation. Our results suggest that the increase in neural activity and CBF and the 163 
decrease in BOLD are caused by a disproportionate increase in O2-consumption due to 164 
DAergic neuromodulation. The BOLD-signal reflects the deoxyhemoglobin concentration 165 
[dHb], and is affected by CBF, CBV and the cerebral metabolic rate of oxygen consumption 166 
(CMRO2). The stimulus-evoked BOLD-decrease could be due to a CBF-decrease or a [dHb] 167 
increase after dopamine application. Since CBF increased, dHb-production is most likely 168 
also increased, i.e. an increase in CMRO2. An increase in CBF-modulation and a decrease 169 
in BOLD-response can occur when the O2-consumption increases by a proportionally larger 170 
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amount than the inflow of fresh blood, leading to a relative increase in [dHb] and a decrease 171 
in the BOLD-signal compared to the pre-injection response. 172 
The increased neural activity also suggests a CMRO2-increase, since it has been shown that 173 
improving  neurons’  sensitivity is energetically draining [17, 38]. Using autoradiography it has 174 
also been shown that the application of L-DOPA increases brain metabolism [39]. These 175 
observations are not surprising given that energy usage is tightly coupled to neural 176 
performance [3, 38]. The increase in CBF likely relates to neuronal activity because glucose 177 
metabolism, CMRO2 and CBF are closely coupled [3, 40]. Increased neural activity in 178 
response to reward increases has been shown to increase the CBF [41].  179 
The increased baseline CBF upon acute LDC injection commonly seen in humans and non-180 
human primates [42-44] is usually attributed to vasodilation. However, the stimulus-induced 181 
CBF-increases cannot be attributed to vasodilation alone. Vasodilation increases the 182 
baseline CBF- and BOLD-signals, and reduces stimulus-evoked CBF- and BOLD-signals 183 
due to limited reserves, as seen in the case of hypercapnia (a potent vasodilator) [45, 46]. 184 
The possibility that the BOLD-reduction is due to a ceiling effect, as seen in the case of 185 
hypercapnia or in pathology, is therefore unlikely, since evoked CBF decreases in the case 186 
of vasodilation (e.g. in hypercapnia) or an inadequate CBF-response [47]. 187 
PET-studies have shown little or no change in CMRO2 upon L-DOPA administration [43], the 188 
latter reflecting little or no change in baseline response, as was observed here. A lack of 189 
CMRO2-increase however, would not be able to explain our stimulus-driven results: 190 
comparing again with hypercapnia where CMRO2 and neural activity do not change 191 
considerably; this would lead to very different CBF- and BOLD-responses to the stimulus 192 
than observed here [45]. Whether the increase in baseline CBF corresponds to an increase 193 
in metabolism cannot be deduced based on the current data. The baseline of the BOLD 194 
time-course did not change, with a minor tendency to go down. It is possible that the 195 
increase in CBF is balanced out by an increase in [dHb] in the baseline state, leading to little 196 
or no net baseline changes. Following the same reasoning as with the stimulus-induced 197 
 
 
Zaldivar et. al. 2014: BOLD and neuronal dissociation induced by dopamine 
Page 9 of 14 
 
responses, the small decrease in the baseline BOLD-trace may indicate a small increase in 198 
CMRO2 in the baseline condition as well. However, further study is needed to verify this.  199 
The effects observed here are unlikely to be due to DA-induced changes in the level of 200 
anaesthesia, since no differences were observed in the θ-band or the physiological 201 
parameters. The advantage of using anesthetized animals is that we could assess the effect 202 
of dopamine on neural and hemodynamic properties without needing to take behavioural 203 
parameters like attention, reward and anticipation into account. Anesthetized animals also 204 
allow us to discriminate small changes since it allows for longer averaging times. However, 205 
differences in regional CBF under DAergic influence have been observed between awake 206 
and anesthetized animals [42], and differences may depend on the type anaesthesia. Since 207 
neuromodulatory properties strongly depend on the  animal’s  behavioural state, including its 208 
level of alertness, this highlights the complexity of fMRI studies of neuromodulation, and 209 
ideal would be a comparison of dopaminergic effects in awake and anesthetized animals.  210 
The findings presented here provide us with a better understanding of the influence of 211 
neuromodulation on fMRI-signals. The decrease of the BOLD-signal in the face of an 212 
increased energy use, implies that the BOLD-response may not always faithfully reflect the 213 
neural responses under neuromodulation, and imply caution is necessary in interpreting 214 
BOLD-signals under neuromodulation. Combining BOLD-measurements with CBF- and/or 215 
CBV-measurements can resolve these complexities and potentially provide a tool to 216 
discriminate sensory processing from neuromodulation. Such multidisciplinary approaches 217 
may improve the interpretation of fMRI-studies where neuromodulation plays a role, for 218 
example, studies of reward or attention, but also facilitate clinical applications of fMRI. 219 
  220 
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EXPERIMENTAL PROCEDURES 221 
fMRI and electrophysiology data were collected from six (four females) healthy rhesus 222 
monkeys (Macaca mulatta; 5–11 kg, 6-12 years). All experimental procedures were carried 223 
out under approval of the local authorities (Regierungspräsidium, Baden-Württemberg, 224 
Tübingen, Germany, Project K4/09) and were in full compliance with the guidelines of the 225 
European Community (EUVD 86/609/EEC). 226 
227 
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FIGURE LEGENDS 360 
Figure 1. BOLD Responses under L-DOPA+Carbidopa Influence in Visual Cortex 361 
A.  Experimental paradigm and design. The stimulus was a rotating checkerboard of 48 s 362 
followed by an isoluminant blank screen of 48 s (right panel). Every experiment was divided 363 
into three conditions: 1. a 12.8-min experiment without pharmacological manipulation; 2. a 364 
12.8-min session with Carbidopa preconditioning (1.5 mg/kg diluted in 50 ml of PBS and 365 
injected at 1.1 ml/min); 3. a 46 min session consisting of LDC manipulation (2.1 mg/kg + 0.5 366 
mg/kg diluted in 50 ml of PBS and injected at 1.1 ml/min over a period of 12 min). B. 367 
Activation maps showing voxels with a significant response to the visual stimulus (A09; 8-368 
shot GE-EPI (FOV: 72x72 mm2; TE/TR: 20/3000 ms; flip-angle  90˚;;  matrix: 96x96) overlaid 369 
on an anatomical scan (FLASH), acquired at 7T with an in-plane resolution of 0.75x0.75 370 
mm2 and 2 mm slice thickness). C. The average BOLD time course (928 volumes) over 18 371 
fMRI experimental sessions (5 animals) shows a decrease in visually induced modulation by 372 
L-DOPA+Carbidopa; the green and the red lines show the start and stop of the L-DOPA-373 
Carbidopa infusion. D. The average BOLD response to the visual stimulus (left) decreased 374 
by 50% compared to the pre-drug period while the baseline did not change under L-375 
DOPA+Carbidopa (right). The shaded areas represent the SE.  376 
Figure 2. Systemic Application of L-DOPA+Carbidopa Increases Neural 377 
Responses in V1 378 
Average time course of the neural activity (LFP- and MUA bands) across experiments in 379 
response to L-DOPA+Carbidopa injection (n=16). A. theta band (4-8 Hz). B. gamma LFP 380 
band (40-150 Hz). C. MUA (900-3000 Hz). The green and red lines denote the beginning 381 
and end of the systemic LDC infusion. In the MUA and gamma bands, the amplitude of the 382 
visual response increased after LDC, while the variability of the baseline decreased. D. 383 
Percentage change in visual response of the gamma band (blue) and MUA (red). E. The 384 
SNR of the gamma band (blue) and the MUA (red) increased upon DA infusion. No changes 385 
were observed in the theta band. The shaded areas represent the SE. 386 
Figure 3. Local Application of Dopamine does not alter Neural Responses in V1 387 
Average time course of the neural activity (LFP and MUA bands) across experiments, in 388 
response to local application of DA (n=10; DA was diluted in ACSF to a final concentration of 389 
5 mM). A. theta band (4-8 Hz). B. gamma LFP band (40-150 Hz). C. MUA (900-3000 Hz). 390 
The green and red lines denote the beginning and end of the DA infusion. In the MUA and 391 
gamma bands, the amplitude of the visual response was not affected by DA infusion. D. 392 
Percentage change in visual response of the gamma (blue) band and MUA (red). E. The 393 
SNR of the gamma band (blue) and the MUA (red) shows no changes upon DA. No changes 394 
were observed in the theta band. The shaded areas represent the SE.  395 
Figure 4. CBF increases with L-DOPA+Carbidopa 396 
A. Activation patterns of functional CBF (using flow sensitive alternating inversion recovery, 397 
FAIR) in early visual cortex (monkey A09) in response to visual stimulation. B. The average 398 
time course over six CBF experimental sessions shows an increase in baseline- as well as 399 
visually induced CBF (six sessions acquired at 7T: TI 1400 ms; slab 6 mm; FOV 5.5x2.4 400 
mm2; TE/TR 9.5/4500 ms; BW 150 kHz, and one at 4.7T: TI 1400 ms; slab 6 mm; FOV 6x3.2 401 
mm2; TE/TR 9.1/4500 ms; BW 125 kHz). C. The average visually induced modulation 402 
increased by 43% (left) and the baseline changed by 31% (right) upon L-DOPA+Carbidopa 403 
infusion. The shaded areas represent the SE.  404 
 405 
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Supplemental Results  
 
Figure S1. Effects of L-DOPA without Carbidopa and saline 
A. Average BOLD time course over five fMRI experimental sessions of L-DOPA application 
without Carbidopa (shown in blue). The green and red lines show the start and stop of the L-
DOPA infusion. B. The average visually induced modulation did not change (left) while the 
baseline showed a small increase (right). The systemic changes in the peripheral vascular 
system and the lack of effects on the visual modulation indicate the breakdown of L-DOPA in 
the periphery. C. Shows the average BOLD time course during saline infusion, similarly 
green and red lines denote the infusion period (shown in gray). D. Visually induced 
modulation (left) and baseline (right) did not change in response to saline infusion. 
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L-DOPA without Carbidopa intervention and saline control  
Systemic L-DOPA, without any Carbidopa was applied in three animals. Concentrations, 
flow and final volume were similar to those used in the L-DOPA+Carbidopa interventions. 
Figure S1A shows the averaged BOLD responses across all experimental sessions (n = 5, 
upper panel, blue). As in the L-DOPA+Carbidopa condition we divided each session in three 
conditions:   ‘pre-drug’,   ‘drug’   and   ‘post-drug’   and   calculated   the changes in the visually 
induced modulation and in the baseline. There were no changes in the visually induced 
modulation during (MODdrug = 99%; p = 0.09 paired t-test;) and after the injection (MODpost = 
104%; p = 0.09 paired t-test; medianpost = 101%). We observed a significant increase in the 
baseline BOLD signal during and after the injection period (Figure S1B). The increase was 
evident ~8 min after the start of the injection (BOLDbaseline,drug = 112 ± 8%; p = 0.05 paired t-
test; median BOLDbaseline,drug = 108%). This increase lasted ~10 min after the injection was 
stopped (BOLDpost,drug = 116 ± 6%; p = 0.05 paired-test; median BOLDpost,drug = 112%). 
Systemic injection of saline showed that both the visually induced modulation and the 
baseline were unchanged during and after injection (Figure S1C,D; MODdrug = 102%; 
mediandrug = 107%; p = 0.08 paired t-test; MODpost = 104%; medianpost = 102%; p = 0.23 
paired t-test).  
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Figure S2. V1 responses to local DA application at different concentrations. 
Average time courses of the neural activity (LFP and MUA bands) across experiments, in 
response to local application of DA at different concentrations. A. DA at 2.5 mM: responses 
in θ-band (4-8 Hz), γ-band (40-150 Hz) and MUA (900-3000 Hz). The green and red lines 
denote the beginning and end of the DA infusion. B. Changes in visually induced modulation 
for each of the bands recorded during the pre-drug, drug, post-drug condition; no changes 
were observed at this concentration. C. DA at 10 mM: responses in θ-band, γ-band and 
MUA. D. No changes in visually induced modulation were observed upon dopamine 
application.  
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Effect of different concentrations of dopamine in V1 
We locally applied dopamine at different concentrations in V1 (2.5 and 10 mM; Figure S2). 
Figure S2A and S2B show the results for the 2.5 mM condition. Figure S2C and S2D show 
the 10 mM condition. Both pharmacological conditions were divided in pre-drug, drug and 
post-drug, for which we calculated the PSD for the θ (4-8 Hz), γ (40-150 Hz) and MUA- (900-
3000 Hz) bands. No significant effects were observed in any of the computed frequency 
bands for both pharmacological manipulations.  
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Table 1. Mean physiological parameters under general anesthesia 
 
Included in the table are the mean physiological parameters under general anesthesia 
during the pre-drug, drug and post-drug conditions (four females and two males). The 
parameters included in this table were computed across all experimental sessions. 
 
  
Animal Heart Rate (pulse/min) Blood Pressure (mm/Hg) CO2 SpO2 
 Pre Drug Post 
 
Pre Drug Post 
 
Pre Drug Post 
 
Pre Drug Post 
 
A09 127±12 131±80 129±9 
 
91/380 96/400 92/35 
 
32±2 33±1 33±2 
 
98 99 99 
 
G09 123±90 112±15 112±12 
 
109/53 111/47 112/47 
 
33±2 33±1 33±2 
 
100 99 990 
 
H09 130±80 125±20 128±15 
 
110/48 113/44 121/38 
 
33±1 33±1 32±2 
 
98 100 100 
 
H11 110±12 114±70 120±12 
 
152/56 152/54 149/51 
 
33±1 32±1 33±2 
 
99 99 98 
 
K07 103±60 106±80 106±11 
 
86/350 75/290 72/30 
 
33±1 33±1 33±2 
 
98 99 99 
 
J08 108±40 101±12 102±14 
 
78/430 74/390 85/29 
 
32±1 33±1 33±1 
 
98 100 99 
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Supplemental Experimental Procedures   
Anesthesia and visual stimulation for neurophysiology and fMRI experiments 
The anesthesia protocol has been described previously [1, 2]. Briefly, glycopyrrolate (0.01 
mg·kg-1) and ketamine (15 mg·kg-1) were used for preanesthesia. After induction with 
fentanyl (3 mg·kg-1), thiopental (5 mg.kg-1) and succinylcholine chloride (3 mg.kg-1), animals 
were intubated and ventilated using a Servo Ventilator 900C (Siemens, Germany) 
maintaining an end-tidal CO2 of 33-35 mm Hg and oxygen saturation above 95%. The 
anesthesia was maintained with remifentanil (0.4 – 1 μg.kg-1min) and mivacurium chloride (2 
– 6 mg.kg-1h) to ensure complete paralysis of the eye muscles. In our previous work on 
neurovascular coupling in V1 we showed that neural responses and neurovascular coupling 
under this anesthesia regimen are very similar to those in the awake state [2, 3]. In a 
comparison of (face-selective) visual responses between awake and anesthetized monkeys 
[4] few differences in the activated areas were seen throughout the brain. Furthermore, µ-
opioid receptors are located at high densities in basal ganglia and thalamus, especially in 
regions associated to motor commands, but regions associated with cognition, ventral 
tegmental area, substantia nigra and frontal regions, have low densities of µ-opioid 
receptors. Therefore, we expect that the anesthesia used, does not cause major interference 
with DAergic effects on neural responses and neurovascular coupling. 
fMRI signals are very sensitive to changes in body temperature, pH, blood pressure and 
oxygenation, the physiological state of the monkey was monitored continuously and kept 
within normal limits. Body temperature was tightly maintained at 38.5-39.5°C. Throughout 
the   experiment   lactate   Ringer’s   (Jonosteril,   Fresenius   Kabi,   Germany)   with   2.5% glucose 
was continuously infused at a rate of 10 ml.kg-1.hr-1 to maintain an adequate acid-base 
balance and intravascular volume and blood pressure; hydroxyethyl starch (Volulyte, 
Fresenius Kabi, Germany) was administered as needed.  
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Two drops of 1% cyclopentolate hydrochloride were used in each eye to achieve mydriasis. 
The visual stimuli were presented binocularly using a custom-made MR-compatible display 
system with a resolution of 800 x 600 pixels and a frame rate of 60 Hz. Animals were 
wearing hard contact lenses (Wöhlk-Contact-Linsen, Schönkirchen, Germany) to focus the 
eyes on the stimulus plane. The eyepieces of the stimulus presentation system were 
positioned using a modified fundus camera [Zeiss RC250; see 1]). The visual stimulation 
protocol consisted of blocks of rotating black and white polar checkerboards of 10x10° in 
size lasting 48 seconds alternated with an isoluminant gray blank period of equal length. The 
stimulus timing was controlled by a computer running a real-time OS (QNX, Ottawa, 
Canada). The direction of the rotation was reversed every 8 s to minimize adaptation. This 
block was repeated 29 times yielding in total 46 minutes for each experiment.  
Systemic and Local Injections 
Systemic applications of L-DOPA+Carbidopa and saline were performed with a custom-
made pressure-operated pump [5]. The actual flow and volume were continuously monitored 
by high precision flow-meters (Sensirion, Switzerland). The preconditioning with Carbidopa 
consisted of 1.5 mg/kg diluted in 50 ml and injected at 1.1 ml/min over a period of 12 
minutes. The combined L-DOPA+Carbidopa applications consisted of a total amount of 2.1 
mg/kg + 0.5 mg/kg, diluted in 50 ml injected at 1.1 ml/min over 12 min. All the drugs that 
were systemically applied were diluted in a phosphate-buffered-saline (PBS) solution and 
the pH was adjusted with NaOH to 7.35. The PBS solution was composed of NaCl 137 mM, 
KCl 2.7 mM, Na2HPO4 8.1 mM, KH2PO4 1.76 mM. The control experiments were performed 
with the PBS solution where we applied the same volume at similar flow rate (5 experimental 
sessions). Because of the sensitivity of the BOLD and CBF measurements, injections were 
done over a period of 12 min to avoid changes in blood volume or volume-related changes in 
other physiological parameters, and no adjustments to the anesthesia were made during the 
46-min scan. 
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Local applications of DA in V1 were performed using three independent injection lines driven 
by three separate HPLC pumps (M5, VICI, USA) [6]. The three independent lines allowed us 
to switch between different solutions in successive trials within one experiment. All lines 
were monitored by high-precision flow meters (Sensirion, Switzerland) controlling the exact 
applied volume and flow. The DA-containing solution was freshly prepared using DA-
hydrochloride diluted in artificial cerebrospinal fluid (ACSF) at final concentrations of 2.5-10 
mM. The pH was adjusted to 7.35 with NaOH. The ASCF consisted of NaCl 148.19 mM, KCl 
3.0 mM, CaCl2 1.40 mM, MgCl2 0.80 mM, Na2HPO4 0.20 mM. The control solution was the 
unmodified ACSF solution. All chemicals for local and systemic application were purchased 
from Sigma Aldrich (Schnelldorf, Germany). ACSF and DA injections were delivered at 0.6 
µl/min for a duration of 12 min. 
Data analysis procedures were implemented using custom-written routines in MatLab 
(Mathworks, Natick, MA). No smoothing was applied in any of the data sets. The 
electrophysiology and fMRI (BOLD and CBF) scans were divided in three epochs: the ‘pre-
drug’,   ‘drug’   and   ‘post-drug’ periods. The   ‘pre-drug’   period   consisted   of   8   blocks   of   visual  
stimulation  (12.8  min)  while  the  ‘drug’  condition  consisted  of  systemic  (L-DOPA+Carbidopa 
or PBS) or local (DA or ACSF) infusion starting immediately after 8 blocks of visual 
stimulation.  We  used   the   ‘pre-drug’  period as a reference to compute changes during the 
‘drug’  and  ‘post-drug’  periods, from the visual induced modulation, baseline and the SNR of 
the electrophysiology signals. Statistical significance in all the data was accessed by using a 
paired t-test comparing the ‘pre-drug’ period with the ‘drug’ and ‘post-drug’ period. This 
procedure was performed for the statistical significance in changes of the visual-induced 
modulation, baseline changes and SNR.  
Neurophysiology data collection and analysis 
For electrophysiological recordings first a small skull trepanation (~3 mm diameter) was 
made. Subsequently, the meninges were visualized with a microscope (Zeiss Opmi 
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MDU/S5, Germany) and carefully dissected. Electrodes were NeuroNexus laminar probes 
(NeuroNexus Technologies, Ann Arbor, USA) for all recordings. We used a 16-contact probe 
on a single shank of 3 mm length and 50 µm thickness. The electrode sites were spaced 
100 µm apart, with a recording area of 413 µm2. The impedance of the contact points ranged 
from  500  to  700  kΩ.  The electrodes were slowly advanced into the visual area under visual 
and auditory guidance using a manual micromanipulator (Narashige Group, Japan).  The 
depth was determined based on the spontaneous spiking activity of each of the cortical 
layers [7]. The signals were amplified and filtered into a band of 1 Hz – 8 kHz (Alpha-Omega 
Engineering, Nazareth, Israel) and digitized at 20.833 kHz with 16-bit resolution (National 
Instruments, Austin, TX), ensuring sufficient resolution for both local field potentials and 
spiking activity. The recording area was filled with a mixture of 0.6% agar dissolved in NaCl 
0.9%, pH 7.4 which guaranteed a good electrical connection between the ground contact 
and the animal [8].  
To analyze electrophysiology data, we used a one-second window to calculate the power 
spectral density in three frequency bands: low LFP (θ: 4-8 Hz), high LFP (γ: 40-150 Hz) and 
MUA (900-3000 Hz) [9]. The θ-band was used to indicate whether LDC affects the 
broadband LFP power and to assess whether DA-injection induces changes in the level of 
anesthesia [10]. The signal-to-noise ratio (SNR) of the electrophysiological signals was 
calculated by dividing the power of the visually evoked responses (meaningful information) 
by the power of the responses during the off-period.  
MRI data collection and analysis  
The fMRI experiments were conducted in a vertical 7T scanner with a 60 cm diameter bore 
(Bruker BioSpin GmbH, Ettlingen, Germany) and in a vertical 4.7T with a 40 cm diameter 
bore. We performed fifteen BOLD experiments and five CBF experiments at 7T, and one 
CBF experiment at 4.7T. We used a custom-made chair to position the monkey into the 
magnet. For BOLD experiments, we used a custom-built quadrature volume coil that allows 
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imaging of deep brain structures while still maintaining a high signal-to-noise ratio in the 
visual cortex. We used a single-shot gradient-echo EPI with a FOV of 72x72 mm2 and matrix 
size of 96x96. 11 slices were acquired with a thickness of 2 mm, TE/TR 20/3000 ms and flip 
angle  of  90˚.  Each  experimental  session  consisted  of  928  volumes.  Shimming  was  done  with  
FASTMAP over a volume of 12 mm3. Six functional CBF measurements were acquired at 7T 
and one at 4.7T. For the CBF experiments we used a volume coil to transmit in combination 
with a custom-built, 4-channel phased array [11]. Perfusion imaging was performed using 
flow-sensitive alternating inversion recovery [FAIR; 12], with alternating slab-selective and 
nonselective inversion pulses. At 7T we used inversion time 1400 ms, slab 6 mm, FOV 
5.5x2.4 mm2, TE/TR 9.5/4500 ms and receiver BW 150 kHz. The experiments at 4.7T were 
performed using an inversion time 1400 ms, slab 6 mm, FOV 6x3.2 mm2, TE/TR 9.1/4500 
ms and BW 125 kHz. 
We included 15 of 18 data sessions during L-DOPA injections in the data analysis; the rest 
were devoted to the development of the injection technique. We defined a region of interest 
(ROI) consisting of early visual cortex (V1-V2). A short scan (12 min) preceding the injection 
scan was used to define the ROI that was subsequently used for the injection scan. We used 
a boxcar convolved with a haemodynamic response function (gamma variant function) as 
regressor to calculate the correlation coefficient. Voxels showing robust visually induced 
modulation (p < 0.02) were included for further analysis, and were then monitored during the 
long (46.4 min) injection scan to study L-DOPA induced effects. This approach allowed us to 
investigate L-DOPA induced effects without making a priori assumptions.  
BOLD and CBF time courses were linearly detrended and normalized. Every trace was 
tested for L-DOPA induced changes in the visually induced modulation. For the calculation 
of the modulation we subtracted the ON periods from the OFF periods, the result was then 
divided by the OFF period and multiplied by 100. Baseline changes were computed by 
taking the image intensity in the periods without visual stimulation (OFF periods). To 
determine how LDC affected evoked BOLD- and CBF-responses, we analyzed the 
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modulation in response to visual stimulation normalized to the pre-drug condition. The 
BOLD-modulation in the pre-drug period was 2.5±1.1%, which is typical for anesthetized 
monkeys at 7T [5, 11, 13]. Similarly, baseline changes induced by LDC were calculated by 
computing OFF periods normalized to the pre-drug condition [5].  
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